Abstract. By annealing PbTiO 3 (PT) nanoparticles together with surfactants in NaCl flux, single-crystal PT nanorods were prepared with diameters of 60-80nm and lengths of several micrometers. The PT nanorods are in tetragonal phase and grow along the (100) -1 to 50 cm -1 , whereas the mode B1+E keeps its frequency almost unchanged at 286 cm -1 . It is also noticed that both frequency and damping constant of mode E(1TO) show rapid changing with temperature only when temperature beyond 380 o C, blow the temperature they change very gradually. To explain the particular properties of the PT nanorods, the formation mechanism and an enhanced size effect have been discussed.
Introduction
Recently, the interests on one-dimensional nanostructures (1DNS) of perovskite oxides are continuously increasing due to their collective properties and novel applications [1] [2] [3] [4] [5] . Variety of techniques, such as solution-phase decomposition [1, 3] , hydrothermal [5, 6] , flux [2] , template [4, 7] , microemulsion [8] and electro-spinning [9] methods, have been developed to synthesize them. And many further researches are directed towards the detailed experimental investigations on their size-dependent properties [3, 4, 6, 10] . As an important perovskite oxide of excellent ferroelectric and optoelectronic characters, PT has been studied theoretically and experimentally in the past decades. Among these pioneer works, many efforts were focused on the size effect of PT nanocrystals and thin films [11] [12] [13] [14] . The phase transition driven by the soft mode E(1TO) and the mode soften behaviors have been extensively investigated, proving that the Raman scattering is a very sensitive and effective method for size effect related researches [11] [12] [13] [14] [15] [16] [17] [18] [19] . Subsequently, series of theoretical and empirical equations have been established to describe the detailed relationships between their size and characters [11, 13, [15] [16] [17] . Now, referring to the 1DNS of PT, it's believed that the size and shape related properties should be more complex and attractive. In the communication, single-crystal PT nanorods were prepared by flux method and undertook a series of examinations with special attention to their phase transition and phonon properties. Our main aim is to give useful experimental results for better understanding of the particular size-dependent characters of PT nanostructures.
Experimental
PT nanorods were synthesized by annealing fine PT nanocrystals together with surfactant nonylphenol ether (NP-9) in NaCl flux. The superfine PT nanoparticles were prepared by a modified sol-gel method [19] , with an average size of 6.8nm. Then, the PT nanoparticles, NP-9 and NaCl were mixed by molar ratio of 1:5:20. The mixture was ultrasonic treated for 30 min, ground for 45 min, and then annealed at 700 o C for 5 hours in air. The products were washed by distilled water for several times and then dried at 100 o C. To ensure high purity of the products, all the reagents we used are of analysis pure level.X-ray diffraction (XRD) measurement was carried out on a Rigaku D/MAX-RA diffractometer with Cu as an incident radiation. The morphology, microstructure and selected area electron diffraction (SAED) of the samples were observed on a transmission electron microscope (TEM) of JEM-2100. Energy dispersive spectroscopy (EDS) was also performed. Raman scattering measurements were measured on a HR-800 Raman spectrometer under backscattering geometry, using 488nm exciting light at a power of 10mW. The thermal properties of the samples were examined on a PYRIS-1 differential scanning calorimeter (DSC). The Fourier transformation infrared spectra (FTIR) and the inductively coupled plasma resonance spectra (ICP) were detected on the instruments of NEXUS870 and J-A1100, respectively. 
Results and discussion
From the TEM image in Figure 1a , we can clearly see that the as-prepared PT nanorods were uniform and well isolated, with diameter of 60-80 nm and length of several micrometers. Notably, though some nanorods prolong in length, they exhibit almost the same diameter widths. Fig. 1b depicts the EDS pattern of the samples. Within the instrumental accuracy, it's revealed that the PT nanorods are pure with a stoichiometric proportion of Pb:Ti =1:1. The result was then confirmed by ICP spectroscopy examination, demonstrating that the ratio of Pb:Ti was 1.00:1.01. HRTEM observation was performed at the center region of an individual PT nanorod and illustrated in Fig.1c . As the HRTEM image shown in the upper inset of Fig.1c , the margin of the nanorod is smooth and well crystallized, without dislocations or layer faults. The lower inset of Fig.1c represents the two-dimensional (2D) lattice fringes and the corresponding SAED pattern, indicating the PT nanorod is in tetragonal phase [11, 20] . The inter-planar spacing is measured to be 3.93Å, corresponding to the lattice constant a, which implies that the nanorod should grow along (100) direction. Figure 2 plots the XRD patterns of the PT nanorods under various temperatures. The diffraction lines at room temperature (25 o C) can be perfectly indexed as the tetragonal-phase PT [11, 20] . The lattice constants of a and c are calculated to be 3.922Å and 3.963Å, respectively. It is in good agreement with above HRTEM measurements. Comparing with bulk crystal (a crystal = 3.899Å, c crystal Advances in Engineering Research, volume 90 = 4.153Å), the a-elongation and c-shortening of the nanorod lead to a notable decrease of the tetragonality c/a. As a result, the cell of the PT nanorods shows a volume shrinking (60.959Å
3 ) than PT bulk crystal (63.135Å
3 ). We suggest that the shrinking of cell volume in the nanorods should be related to the surface tension and size effect, which is similar to the cases in PT nanocrystals and thin films [11, 13] . When temperature increased, the shifting of diffraction line (101) to higher and (110) to lower angle are observed. Gradually, this two diffraction lines get more and more close until finally overlapped at 440 o C, declaring that the PT nanorods transform from tetragonal into cubic structure. During the transition process with increasing temperatures, the similar phenomenon also take place between the diffractions lines of (001) and (100), (002) and (200), (102) and (201), (112) and (211), respectively. Fig. 3 shows the variation of lattice constants a and c, together with the tetragonality c/a of the PT nanorods, as functions of the temperatures. When temperature increased from 25 o C to 440 o C, the lattice constant a increased from 3.922 Å to 3.942Å, and c decreases from 3.963 Å to 3.942 Å, leading to the decreasing of the c/a which almost approaches 1.00 at the transition temperature. It should be noticed that the cell volume of the cubic-phase PT nanorod is smaller than cubic-phase PT crystal [19, 21] , which can be also attributed to the size effect [11] . In the upper inset of Fig.3 , the DSC curve of the nanorods is depicted. A typical heat flow peak can be observed at a transition-zone between 428 o C to 460 o C, indicating that the phase-transition is a first-order one [19, 20, 22] . In Figure 4 , the solid-line curves depict the Raman spectra of PT nanorods at various temperatures. All modes of the Raman lines have been successful assigned and compared to the PT crystal spectrum (dash-line curve in Fig. 4) downshifting like other modes, though its Raman line also shows weakening and broadening. The stiffening of the mode B 1 +E can reflect the rigidity of the oxygen octahedral in the lattice of PT nanorods [11, 18, 20, 23] , ensuring that there is little distortion happened to the octahedral structure. Earlier investigations on doped PT have discovered that the impurities can also cause the decreasing of tetragonality, accompanying with broadening and weakening of Raman lines [12, 14] . However, in the doped PT the frequency shifting of B 1 +E was distinctly observed, since the impurities change the valence state of oxygen [12, 14, 24, 25] . As known, for PT the size effect does not affect the frequency of B 1 +E [11, 18] . Considering there are few impurities or defects in the nanorods, the steadfastness of mode B 1 +E in PT nanorods can be well explained. As shown in Fig.4 , the lowest-frequency Raman line of the nanorods is indexed as the "soft mode" E(1TO) , which locates at 74 cm -1 for room temperature, 8cm -1 downshifting than crystal [18, 23] . It's known that the softening of mode E(1TO) drives a ferroelectric-to-paraelectric (tetragonal-to-cubic) phase transition [11, 18, 23] [11] . The reduction of tetragonality in the PT nanorods should be responsible for it, which also leads to weakening of ferroelectricity [11, 12, 18, 23] . Fig. 5 depicts the frequency and the damping constant of E(1TO) mode as the functions of temperatures, where the damping constant dominates the shape of the Raman peak [11, 18, 23] . With increasing temperature, the mode frequency downshifts and damping constant increases. Noticeably, for both frequency and damping constant of E(1TO), we can see that they change gradually below 380 o C, and following with an abrupt changing beyond this temperature. The weak soften behaviors and the large damping constant suggest that the lattice vibration of the PT nanorods is evidently softer than PT crystal [11, 12, 18, 23] , which is similar to the case of PT nanoparticles and should mainly originate from the size effect [11] .
We know for these PT nanorods with diameters of 60-80nm, the fraction of surface layers is relatively small. Interestingly, they exhibit a rather large size effect in comparison to PT nanocrystals and thin films with same ratio of surface layers [11] [12] [13] [14] . To understand it, the growth mechanism was investigated and the intermediate steps of the synthesizing process were traced. From Figure 6a , the TEM image of the intermediate products which were annealed at 700 o C for 30 min, we can see that some rod-like 1DNS have already emerged. Further observation by HRTEM (upper left inset in Fig.  6a ) reveals that the 1DNS is actually agglomerated nanoparticles enveloped by surfactants. The PT nanorods seem to crystallize from these self-organized nanoparticles under the aids of surfactants [7, 26] . The supposal is confirmed by the TEM and HRTEM images in Figure 6b , where the 1DNS are found to crystallize into nanorods after being annealed for 1 hour. However, it is noticed that the nanorods are short and they can keep growing by further annealing. We also find that both length and diameter of the nanorods are independence on cooling-speed. In addition, by FTIR investigations on the intermediate products, it is revealed that the surfactants do volatilize gradually instead of burning out soon in the annealing process. These evidences strongly imply that the "annealing growth" mechanisms as Ostwald ripening [27, 28] are more suitable for our PT nanorods than the "cooling growth" mechanisms as VLS theory [29] . Thus, we suggest that formation of nanorods should be attributed to three parts of modified assembling, recrystallizing and oriented attaching growth, as the schematic diagram depicted in Fig 6c. Since the PT nanorods are formed by the point-initiated uniaxial crystal growth, the lattice of them will be rigidly arrested from expansion [26, 30, 31] . It should contribute to the size effect of the PT nanorods. More, the surface-limiting effect induced by surfactants can also influence the lattice and phase-transition properties of the PT nanorods. As known, in the synthesis process the surfactants can not only enhance the surface tension of the nanostuctures but also work as "surfactant template", which will also limit the lattice [2, 7, 11, 28] . The remarkable cell shrinking and tetragonality decreasing induced by size effect have also been observed in the BaTiO 3 and SrTiO 3 nanostructures prepared through surfactant system [2, 7] . In contrast, the PT nanorod by surfactant-free method shows less change in lattice than crystal, though the size effect was observed as well [6] . Therefore, we suggest that the both the point-initiated growth kinetics of nanorods and the surfactants used in synthesis process contribute to the enhancing of the size effect. More detailed investigations on the size dependent ferroelectric and optoelectronic properties of the PT nanorod are being carried out in our group. 
Summary
In summary, we studied the phase transition and phonon properties of single crystal PT nanorods prepared by annealing the PT nanoparticles with NP-9 in NaCl flux. The Curie point is determined by Raman scattering to be 440 o C, which is 53 o C lower than crystal. A weaker soften behavior of mode E(1TO) was revealed, implying a weaker ferroelectricity. In comparison to crystal, the decreasing of tetragonality and shrinking of cell have also been detected. The particular properties of the PT nanorods are attributed to an enhanced size effect. Further investigation on the formation mechanism of the nanorods suggest that the point-initiated growth of nanorods and the surfactants used in preparing process should be responsible for the enhancing of the size effect.
